A long-term study of O, H and C stable isotopes has been undertaken on river waters across the 7000 km 2 upper Thames lowland river basin in the southern UK. During the period, flow conditions ranged from drought to flood. A 10-year monthly record (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) of the main River Thames showed a maximum variation of 3‰ (δ 18 O) and 20‰ (δ 2 H), though inter-annual average values varied little around a mean of -6.5‰ (δ 18 O) and -44‰ (δ 2 H). The δ 2 H/δ 18 O slope of 5.3 suggested a degree of evaporative enrichment, consistent with derivation from local rainfall with a weighted mean of -7.2‰ (δ 18 O) and -48‰ (δ 2 H) for the period. A tendency towards isotopic depletion of the river with increasing flowrate was noted, but at very high flows (>100 m 3 /s) a reversion to the mean was interpreted as the displacement of bank storage by rising groundwater levels (corroborated by measurements of specific electrical conductivity). A shorter quarterly study (October 2011 -April 2013) of isotope variations in 15 tributaries with varying geology revealed different responses to evaporation, with a high inverse correlation between Δ 18 O and baseflow index (BFI) for most of the rivers. A comparison with aquifer waters in the basin showed that even at low flow, rivers rarely consist solely of isotopically unmodified groundwater. Long-term monitoring (2003Long-term monitoring ( -2007 of carbon stable isotopes in dissolved inorganic carbon (DIC) in the Thames revealed a complex interplay between respiration, photosynthesis and evasion, but with a mean inter-annual δ 13 C-DIC value of -14.8 ± 0.5‰, exchange with atmospheric carbon could be ruled out. Quarterly monitoring of the tributaries (October 2011 -April 2013) indicated that in addition to the above factors, river flow variations and catchment characteristics were likely to affect δ 13 C-DIC. Comparison with basin groundwaters of different alkalinity and δ 13 C-DIC values showed that the origin of river baseflow is usually obscured. The findings show how long-term monitoring of environmental tracers can help to improve the understanding of how lowland river catchments function.
INTRODUCTION
The use of O, H and C stable isotopes applied to river catchment studies has a long pedigree (Kendall and McDonnell, 1998 ). An outstanding early success using δ 18 O was the discovery that much so-called 'event water' in streams was not in fact derived from recent rainfall, but instead consisted of water displaced from soil storage (Sklash and Farvolden, 1979) . Further insights from δ 18 O and/or δ 2 H included the calculation of mean water residence times, identifying flow sources and flowpaths, and recognition of evaporative fractionation (e.g. Stewart and McDonnell, 1991; Hogan and Blum, 2003; Burns and McDonnell, 1998) , and the field continues to progress (McGuire an McDonnell, 2015) . Many of these studies were carried out on relatively small test catchments no more than a few tens of km 2 in area and often with steep gradients and therefore hydraulic heads. In parallel with these small catchment studies, some large river systems covering a range of topographies were investigated using stable isotopes (e.g. Ramesh and Sarin, 1992; Cameron et al., 1995; Pawellek et al., 2002) but not in the same detail as the small systems for obvious logistical reasons. The same situation was largely the case for δ 13 C in the dissolved inorganic carbon (DIC) system: small scale (e.g. Amiotte-Suchet et al., 1999) versus large scale (e.g. Aucour et al., 1999) .
Since those earlier studies demonstrating the value of stable isotopes as environmental tracers, their use has become a standard technique to gain more knowledge of catchment processes (Schulte et al., 2011) . Increasingly, too, mesoscale catchments are being investigated (e.g. Ogrinc et al., 2008; Speed et al., 2010; van Geldern et al., 2015) . Yet the isotope records from these tend to be limited in scope and duration because of resource constraints, and therefore provide only a partial view into catchment processes. In particular, there has been little investigation of rivers on the multi-year scale (Halder et al., 2015) , which has meant there is limited knowledge of how isotopic responses vary over a range of flow conditions. Long-term monitoring of the River Thames and its upper tributaries has provided an opportunity to do this in a mesoscale catchment with varied geology. Specific areas of interest were variations due to evaporation, response over drought to flood conditions, relationship to baseflow index, and river-groundwater interaction (using δ 18 O and δ 2 H), and characterising the dissolved inorganic carbon baseline (using δ 13 C-DIC). A subsidiary aim was to compare the merits of isotopic tracers against those of the simple tracer SEC (specific electrical conductivity) in a lowland river basin.
In addition to contributing to a better understanding of catchment functioning, the stable isotope baseline for the upper Thames basin established by this study is likely to inform fields such as archaeology, ecology and palaeoenvironmental studies (previous examples from the area include Candy et al., 2007; Hughes et al., 2014; Keatings et al., 2002; Versteegh et al., 2013) .
STUDY AREA AND METHODS

Study area
The study area covers about 7000 km 2 of the western Thames basin (Fig. 1) . It extends from the perennial headwaters in the Cotswold Hills to Runnymede, some 200 km downstream of the river's source but lying above the major river water intakes (abstracting up to 50% of flow) which serve the population of Greater London. From the source to Runnymede amounts to approximately 85% of the length of the non-tidal portion of the Thames, which ends a further 30 km downstream at Teddington Weir in the SW of the Greater London area.
River gradients within the basin are generally very low: for example, the main Thames falls only some 60 m between Cricklade and Runnymede (Fig 1) . 2011 Census figures indicate that the area drained by the upper Thames contains of the order of 2 M people. This, combined with a comparatively low average annual rainfall of ~690 mm/yr and an estimated potential evapotranspiration rate of ~580 mm/yr (Jolley and Wheater, 2007) , means that the area is prone to drought, thus making highly desirable any additional information relevant to water resource management.
Hydrogeology
The geology of the upper Thames basin (Fig. 1) consists of Mesozoic and Cenozoic sedimentary rocks with a regional dip towards the SE. The NW of the area is dominated by The flow direction of rivers and streams in the upper basin is largely controlled by geological structure.
Within the upper Thames basin, the Jurassic Oolite and Cretaceous Chalk tend to be productive aquifers. The Jurassic and Palaeogene clays on the other hand have limited aquifer properties, often functioning largely as aquicludes. The consequence of this is that the rivers arising from the different strata have proportionately different inputs of groundwater.
In the case of short streams fed predominantly by limestone or Chalk, e.g. the Coln and Pang, nearly all their flow consists of groundwater. At the other extreme, for clay vale rivers like the Ray and The Cut, less than half their mean flow derives from groundwater. For each of the tributaries, the groundwater contribution can be relatively quantified in terms of the Baseflow Index (BFI), which is based on hydrograph separation techniques (Marsh and Hannaford, 2008) . Table 1 reports these together with mean river flows based on gauging records obtained from the UK Environment Agency (EA). Also included are a series of BFI and flow values for gauging points along the Thames.
The relationship between geology and hydrology across the Thames basin is examined in greater detail in Andrews (1962) and Bloomfield et al. (2011) .
Datasets acquired
At the core of the present study is a 10-year monthly record of δ 18 O, δ 2 H and a 5-year record of δ 13 C-DIC (dissolved inorganic carbon) collected from the Thames at Wallingford, Oxfordshire, effectively the outlet point for river discharge from the predominantly Jurassic strata (mainly limestones and clays) of the upper part of the upper Thames basin (Fig. 1 ). This is supplemented by a quarterly record of δ 18 O, δ 2 H and δ 13 C-DIC variations at various points along a 175 km length of the river and from 15 tributaries, carried out over the course of a 18-month period which proceeded from drought to flood conditions. The data are completed by a 1-year monthly δ 18 O, δ 2 H record from two sites covering the reach where the Thames crosses the Chalk (a source of groundwater discharge to the river), an 18-month record of δ 18 O, δ 2 H and δ 13 C-DIC from the foot of the study area at Runnymede, and a 22month record of δ 18 O, δ 2 H and δ 13 C-DIC from the River Thame, which has the lowest BFI of any of the more significant upper Thames tributaries (rivers with a mean flowrate ≥3 m 3 /s, Table 1 ).
Any consideration of isotopes in the upper Thames basin also requires a record of the rainfall input to the catchment. Monthly precipitation samples have been collected at Wallingford for isotope analysis since 1983 ; the IAEA-WMO WISER database (https://nucleus.iaea.org/wiser)), and this collection continued throughout the monitoring period.
Site selection, sampling and analysis
Locations of all sampling points referred to in this study are shown on the map in Fig. 1 .
Sampling points were usually selected to be as close as practicable to the foot of each tributary's catchment bearing in mind that repeat visits would be necessary (hence, for example, the Cherwell was sampled upstream of the suburbs of Oxford. Proximity to a gauging point was also a consideration for rivers like the Thame, which is gauged well above its confluence with the Thames. Thames sampling sites were chosen to be roughly equidistant down the river. In all cases care was taken to collect samples from the freeflowing river rather than shallow areas or backwaters. For the long-term Thames monitoring, samples of river water were collected at Wallingford Bridge on the final day of each calendar month. Separate samples were taken in glass bottles for δ 18 O / δ 2 H (28 mL) and δ 13 C-DIC (60 mL). Standard analytical methods were used (CO 2 equilibration for δ 18 O, zinc reduction for δ 2 H, acidification for δ 13 C-DIC, followed by IRMS measurement on a VG-Optima mass spectrometer). Results are expressed in permil (‰) with respect to VSMOW (for δ 18 O and δ 2 H) and VPDB (for δ 13 C-DIC). Analytical precisions were ±0.1‰ (δ 18 O), ±1‰ (δ 2 H) and ±0.2‰ (δ 13 C-DIC). Specific electrical conductivity (SEC, referenced to 25°C) and pHalkalinity were measured in the laboratory at BGS Wallingford.
A similar analytical process was applied to the shorter set of monthly samples collected from the River Thame at Dorchester and from the Thames at Runnymede. For the set of tributary samples collected quarterly, details of sampling locations are contained in Table 1 . SEC and pH-alkalinity were measured in the Wallingford laboratories of BGS and CEH respectively.
O, H and C stable isotopes were determined as above at BGS Wallingford until June 2012 and at BGS Keyworth (NIGL) thereafter.
Monthly rainfall samples were collected on the final day of each calendar month from the CEH Wallingford met site. Samples were measured for δ 18 O and δ 2 H using the analytical methods outlined above.
All the data are reported in the supplementary tables S1 to S6 (see Supporting Information).
RESULTS AND DISCUSSION
Rainfall-river relationship
The term 'rainfall' as used here includes precipitation falling as snow (a very low proportion of the total). Results of rainfall analysis from January 2003 to May 2013 are given in Table S1 . A δ-plot ( Fig. 2) There is an inverse correlation with rainfall amount (r 2 = 0.52). Figure 3b shows the seasonal rainfall statistics. The mean values show the expected cyclic structure typical of annual rainfall over much of the world (Rozanski et al., 1993) , though the isotopic enrichment of the summer half-year is less well defined than the depletion of the winter half-year. Overall there is no correlation with rainfall amount (r 2 = 0.00), though this conceals a highly-developed inverse trend for the months of April-August (r 2 = 0.92), also noted for the previous 20 years in . This presumably reflects the continuing dominance over the summer half-year of convective rainfall, which is more likely than frontal rainfall to give rise to the 'amount effect' on isotope ratios (Dansgaard, 1964) .
Thames-Wallingford results are reported in Table S2 . On a δ-plot with the rainfall data for comparison it is apparent that the river has a restricted range but still varies by some 3‰ in δ 18 O and 20‰ in δ 2 H (Fig. 2) . The data give a regression line of the form δ 2 H = 5.33 δ 18 O − 8.92 (n = 120, r 2 = 0.74)
which possesses a slope characteristic of surface water evaporation at a relative humidity of ~77% (Clark and Fritz, 1997) , a value lying within the long-term mean for the Thames basin of 76-82% (Jenkins et al., 2009) . There is however a tendency for the slope to vary seasonally, with the 8 out of 12 months which have good inter-annual correlations (r 2 >0.75) revealing slopes ranging progressively from 5.1 in the summer to 8.0 in winter. This would be consistent with observations of seasonal changes in slope noted for other rivers (e.g.
Kendall and Coplen, 2001)
The mean isotopic composition of the river water samples is -6.51‰ and -43.6‰ δ 2 H. This is slightly isotopically enriched compared to the rainfall weighted mean. (While rainfall is only monitored at one site, i.e. Wallingford, this lies approximately at the centre of the upper Thames basin and therefore should be reasonably representative of conditions across the study area, bearing in mind the subdued relief of the catchment.) The difference between the river and rainfall averages is further evidence for a small degree of evaporative enrichment in the river water, particularly in the summer. In this connection it may be noted that while the Thames is free of water impoundments or low-flow augmentation, the river does have flowlimiting weir/lock combinations on average every 4.6 km, and there may also be limited interaction between the river and flooded former gravel extraction pits in its floodplain.
River flow conditions
Stable isotopes As with rainfall, the good overall δ 18 O-δ 2 H correlation for river water allows the use of a single isotope, in this case 'δ 18 O r ', when considering processes other than evaporation. Examination of the Thames-Wallingford data in Table S2 shows that the interannual mean values vary little, with δ 18 O r in a narrow band of ±0.3‰ about a value of -6.5‰
( Fig. 3c ). However, overall ranges can vary by a factor of two, from 1.3‰ in 2007 and 2012 to 2.6‰ in 2003 (values typical of mid-latitude rivers irrespective of catchment size or river length: Halder et al., 2015) . Seasonally, mean values show the river reaching a maximum depletion in February and December, and maximum enrichment in August (Fig. 3d ). The slightly less-depleted value for January mimics exactly the shape of the rainfall isotope curve of Fig. 3b . This may imply a time of response of the river to rainfall over the winter half-year of <1 month, but displacement of floodplain storage (discussed further below) complicates this interpretation and it is probably safer to say that no clear response time can be deduced from comparison of the seasonal curves. This is not surprising for a mixed-BFI lowland river basin whose transit time (the mean travel time of water from entry to discharge) would be expected to be of the order of a decade by comparison with data from tritium-based studies compiled in McGuire and McDonnell (2006) and Stewart et al. (2010) . Regrettably there is no tritium record for the Thames to test this.
Study of the data in Tables S1 and S2 suggests that river flow tends to vary inversely with δ 18 O r (r 2 = 0.70). Flow was at its lowest in the autumn of 2003, and the Thames at the river isotope composition, presumably because the monthly weighted mean rainfall of -6.0‰ was similar to the summer river isotope composition. For the multiple floods of winter 2012-13, rainfall only became more isotopically depleted than the river 'envelope' in December 2012, with a value of -8.5‰. This, combined with a January 2013 rainfall mean of -9.0‰ was presumably responsible for a river composition of -7.9‰ at the end of January 2013. While this was depleted relative to most monthly river values, it was just exceeded by the value of -8.0‰ recorded in February 2010. Therefore it seems that flooding events are not necessarily or generally associated with highly anomalous isotope compositions.
However, this would have to be tested by event-scale monitoring.
Delta-plots for the 15 tributaries sampled (see Fig. 1 and Tables 1 and S3 ) are shown in Fig. 4 , all to the same scale. Also included on each plot is the Wallingford meteoric line as described above in eqn (1). Most data points fall on or near to this line, any significant deviations from it occurring with more isotopically enriched samples (e.g. the Cole, Cherwell and Ray), suggesting that evaporative fractionation is responsible. The proportion of river water lost to evaporation would not have to be large to cause the levels of isotopic enrichment observed. For example, in the case of the greatest enrichment found, in the Cole, Cherwell and Ray in October 2011 ( Fig. 5 , Table S3 ), and using the approach of Skrzypek et al. (2015) , a fractional loss of 9% (based on δ 18 O) or 12% (based on δ 2 H) can be calculated. However, this assumes that the water starts evaporating with a composition equivalent to weighted mean rainfall and is not replenished thereafter, so these figures are indicative only.
Otherwise, the rivers show differing amounts of variation (Fig. 4) Wye showing the most damping and the Ray the least. In cases where the degree of damping is lower, it is possible to see tendencies towards winter depletion and summer enrichment ( Fig. 5 ). Some of the latter may be due to evaporation, as mentioned above, but probably also to summer rainfall which is typically enriched (Fig. 3b ). The lower-BFI rivers reach their most depleted compositions by April 2013, which follows the most sustained period of months (7) with rainfall more negative than the Thames mean of -6.5‰. Conversely, plots of δ 18 O r versus flowrate ( Fig. 5 ) shows the immunity of high-BFI rivers even to particularly wet periods such as summer 2011 to winter 2012/13.
Specific electrical conductivity SEC data for Thames-Wallingford 2003-2012 are included in Table S2 . SEC varies by a factor of two, from a low of 470 µS/cm to a high of 980 µS/cm, with a mean of 718 µS/cm. When plotted against flow, SEC shows variable behaviour ( Fig. 6a ). While there is a general decrease with rise in flow rate up to ~100 m 3 /s, above this there is a return to higher values. There appears to be a 'January trend' where SEC barely changes with flow ( Fig. 6a ). O and H isotopes, here represented by δ 18 O r show very similar trends ( Fig. 6b ). As shown in Fig. 3d , January is normally the month of peak flow in the river, and indeed six of the eight months with mean flows >100 m 3 /s (ultra-high flows, UHF) occur in January, the other two being the consecutive months November and December 2012, a notably wet period.
As suggested by a comparison between Figs 6a and b, there is a positive correlation (r 2 =0.25) between SEC and δ 18 O r reflecting the tendency of lower-flow waters to be enriched in dissolved solids as well as isotopes owing to a combination of evaporation and proportionally greater inputs from non-rain-related sources such as baseflow and point-source inputs from sewage treatment works. Therefore the two parameters are to some extent proxies for each other. The main departure from this appears to be under UHF conditions where large amounts of isotopically-depleted rainfall have recently fallen, most notably November-December 2012 (Figs 6a and b, Tables S1 and S2).
The relative consistency of δ 18 O r and especially SEC values at UHF suggests that neither are attributable to direct runoff from high rainfall; if anything this would be expected to lower SEC, while consideration of the rainfall isotope record (Table S1 ) for each UHF month and the two preceding it give δ 18 O p weighted means ranging from -4.8 to -9.6‰, i.e. far more variable than the observed δ 18 O r values. Clearly UHF conditions are mobilising stored water, which is presumably being displaced by rising groundwater levels. SEC and δ 18 O compositions close to river averages (718 μS/cm and -6.5‰) suggest the involvement of bank storage rather than groundwater itself, which tends to have lower conductivity and a more depleted isotope composition (see further below). Given that alluvial deposits in the catchment above Wallingford cover some 500 km 2 , conservative estimates of thickness (2 m) and porosity (10%) would give a storage volume of 100 Mm 3 , easily sufficient to contribute a significant amount to the river under appropriate conditions. Most of the displaced water is likely to be coming from gravels, which have a porosity of up to 50%.
The above interpretation would appear to be the reverse of what is generally understood by the term 'bank storage', whereby river water invades alluvial sediments at high flow and drains back to the river at lower flow (e.g. Chen and Chen, 2003) . In reality, a normal bank storage regime may be the case for much of the Thames through most of the year, with the anomaly only occurring during situations when groundwater levels are still rising but the river falling. does not stand out (Fig.7b ).
The general uniformity down the river on any particular sampling date suggests that processes such as evaporation that would otherwise progressively affect the isotopes and other parameters are being mitigated by the addition of water from downstream tributaries and baseflow.
Four sites (Wallingford, Tilehurst and Runnymede on the Thames, and Dorchester on the Thame, see Fig.1 ) were monitored at monthly intervals during the period between autumn 2011 and spring 2013 (Table S4 ) to determine what extra information might be obtainable from higher-resolution sampling.
Results for δ 18 O are shown in Fig. 8a . The higher sampling resolution found some sizeable peaks and troughs (mainly the latter), particularly during the high-flow periods in spring 2012
and winter 2012-13. There was little difference between any of the sites, presumably reflecting the origin of rainfall during large frontal events over southern England as a whole.
The close similarity between the changes in the Thame and Thames was somewhat unexpected given their contrasting catchment areas (Thame about one-fifth that of Thames).
They differ more in SEC values ( Fig. 8b ), but both records still show comparable patterns of peaks and troughs.
Baseflow and river-groundwater interaction
Baseflow The spread in isotope values for each river should ideally have an inverse relationship with BFI because the greater the proportion of baseflow, generally expected to have a near-constant isotopic composition, the higher the potential for damping the variable composition of recent rainfall inputs. Figure 9a shows that this is largely the case, with a high degree of correlation for all tributaries (irrespective of mean flowrate) except for the Cherwell, Cole and Ray. The isotopic evidence above ( Fig. 4) shows that the BFI-related range in these three rivers has been supplemented by evaporative enrichment, thereby distorting the relationship slightly. Greater-than-normal evaporation effects might be anticipated for a river like the Ray, which flows slowly through wetlands. Although less expected for the Cherwell, which has almost twice the flow of the Ray, in this case it is probably mostly attributable to the existence of the Oxford Canal which shares water with the Cherwell at several locations above the sampling point (Neal et al., 2006) , providing more scope for evaporative enrichment to affect the river. The Cherwell, Ray and Cole are also proportionally more effluent-impacted than most of the other tributaries (Bowes et al., 2014) , though the limited effluent isotope data so far available from the Upper Thames suggest that discharge waters are not significantly fractionated (D C Gooddy pers. commun.). (Table S3) sulphate is the dominant ion responsible for the increase in total dissolved solids and therefore SEC. In the clay-vale rivers this could be derived from SO 4 from dissolution or oxidation of the S-containing minerals typically found in clays, but more likely from fertiliser runoff. The Enborne is the only exception to the trends in Fig. 9b ; although a low-BFI river it also has unusually low SEC values. The reason for this is probably catchment shape (e.g. Rinaldo et al., 1995) : Fig. 1 shows that this tributary has a very narrow catchment, which means short, low-residence flow paths to the river. This in turn means that there is insufficient time for the water to reach chemical equilibrium with the soil or rocks through which it is passing. None of the other rivers considered here has a similarly-constricted catchment.
Variations in SEC
Except for the very low-flow quarterly sampling of October 2011, the simple average of SEC in the tributaries was almost identical to the simple average of SEC from the five Thames sampling points (from data in Table S3 ).
Relationship of surface water to groundwater This can be considered on the local and catchment scales. As an example of the former, downstream of Wallingford the Thames crosses the Chalk escarpment via the Goring Gap (Fig. 1) , where modelling studies suggest that the potential for recharge of the river by groundwater exists (Jackson et al., 2006) . The river accretes an average flow of ~5.5 m 3 /s between Wallingford and Reading (Day's Lock + Wheatley compared to Reading, Table 1 ). The only significant tributary is the Pang, which provides ~12% of the increased flow (Table 1) . Therefore it is likely that groundwater is contributing, since direct runoff does not occur from the Chalk. While there is some contrast between river and groundwater isotope values, this was not great enough to show up at Tilehurst (west Reading) in Fig. 8a given that the accretion is only increasing flow by ~17%.
However, SEC was consistently ~5% lower at Tilehurst (Fig. 8b ), which would be in accord with the significantly lower SEC of groundwater compared to river water (see below).
On the catchment scale, BFI values (Table 1) Figure 10a shows the distribution of groundwater δ 18 O across the catchment. There is evidence for a slight isotopic enrichment from north to south, consistent with the latitudinal distribution of rainfall isotopes in southern England as proposed by .
A simple comparison with river baseflow compositions is however not straightforward. For the quarterly sampling of October 2011, which followed a prolonged dry spell, the rivers would have been sustained largely by baseflow. However, all rivers with the exception of the Wye contained water more enriched than -7‰ δ 18 O, some much more so. This is likely to have been due to isotopic enrichment caused by evaporative fractionation, as mentioned earlier. Study of Fig. 5 suggests that the quarterly sampling most representative of baseflow conditions was probably April 2012, following a dry winter but prior to the anomalously wet summer and even wetter winter of 2012-13. On this basis, a comparison of Fig. 10a with Fig. 4 shows that only a few short limestone or chalk streams (Coln, Pang and Wye) have a composition largely unaffected by evaporation. The Kennet, while slightly enriched by comparison, is probably also mostly unaffected since it is likely to be mainly sustained by slightly isotopically heavier groundwater in the south of the region (Fig. 10a ). Most of the largest enrichments were seen in the clay-vale rivers Loddon, Thame, Ray and The Cut.
Clearly, except for short, high-BFI rivers, it is unsafe to regard samples taken at any particular time of the year as having the same isotope value as the groundwater contributing the baseflow.
The net effect on the main Thames is that the river is nearly always isotopically enriched compared to groundwater in the region even in the winter, though this is minor compared to late summer-early autumn. As noted earlier in connection with Fig. 7 , there is rather little change down the river for individual quarterly samplings, suggesting that increasing downstream enrichment due to progressive evaporation is cancelled out by inflow derived from tributaries and baseflow.
In terms of SEC, under the presumed near-baseflow conditions of the April 2012 sampling, the tributaries averaged 669 μS/cm and the Thames 692 μS/cm (from data in Table S3 ). This is ~15% higher than the average groundwater value of ~600 μS/cm (data from sources cited above) and would be consistent with the effects of evaporation on baseflow, though effluent inputs with higher SEC (of the order of 1000 μS/cm) will also contribute (on average 10% of MDF at Wallingford).
However, a caveat to consider with regard to both δ 18 O and SEC is that aquifer groundwater as sampled from boreholes is not necessarily the only contributor to baseflow. This is really an inclusive term for all forms of 'slow' drainage to a river (e.g. Ward and Robinson, 2000) , which may include delayed drainage from the shallow subsurface which by-passes the underlying aquifer. It is conceivable, particularly for the clay-vale rivers, that this slowermoving but shallow drainage might have undergone a certain amount of isotopic modification before reaching the river (a possibility raised in connection with US rivers by Kendall and Coplen, 2001) . However, testing this (presumably by shallow drilling and sampling) was beyond the resources of the present study. Table 1 ).
Dissolved inorganic carbon
The source of most dissolved inorganic carbon (DIC) in the natural waters of lowland Britain is the dissolution by soil-produced CO 2 of carbonate minerals in the soil and bedrock of the catchment. Soil CO 2 with δ 13 C of ~ -27‰ (Darling and Gooddy, 2007) reacts with carbonate minerals with δ 13 C typically ~0‰ (Evans et al., 1979) to produce initial δ 13 C-DIC values in the range -13 to -14‰. Once waters are exposed to the atmosphere, the DIC budget is governed by three basic processes: degassing, oxidation of organic matter, and photosynthesis (e.g. Jarvie et al., 1997). These processes have varying isotopic effects.
Exposure to air generally results in degassing (evasion) of CO 2 owing to its low atmospheric partial pressure compared to the pCO 2 of most river waters (e.g. Hotchkiss et al., 2015) . Loss of CO 2 raises pH, which tends to reduce DIC concentration while enriching δ 13 C-DIC.
Oxidation of organic matter, by microbial respiration in the soil and river channel, may Results for the Thames at Wallingford during the period 2003-2007 are reported in Table S5 , together with pH and alkalinity. There is little variation in δ 13 C when the data are considered on an inter-annual basis, with average values lying within ±0.5‰ about a mean of −14.8‰.
Inter-quartile ranges also remain similar. There is similar consistency in pH and alkalinity.
Seasonal statistics on the other hand reveal some seasonal fluctuations in δ 13 C-DIC, alkalinity and pCO 2 (Fig. 11a-c) . The carbon isotope composition of the river at any one time is the result of interaction between the three processes outlined above superimposed on any groundwater or effluent contribution. Values of δ 13 C-DIC are poorly correlated with alkalinity, indicating that no single process predominates, and consistent with the observation that most aquatic systems show a fluctuating respiration-photosynthesis balance (e.g. Wang and Veizer, 2000). However, given that log pCO 2 values in the range -2.2 to -2.8 are an order of magnitude above atmospheric CO 2 (~ -3.4 for the period), it appears that evasion must be a relatively constant factor, though with a somewhat greater potential in the period May-September. Perhaps surprising is that the relatively large inter-quartile ranges in alkalinity (and to a lesser extent pCO 2 ) from August to December are not reflected by δ 13 C-
DIC.
At this point it must be noted that the main River Thames and at least some of its tributaries are in a far from natural state; there is for example considerable recycling of river water in the Oxford, Reading and other urbanised areas through abstraction for public supply and subsequent return of effluent, not necessarily within the same sub-catchment. For this reason alone it would be difficult to predict what effect effluent might have on dissolved inorganic carbon isotopes at any particular location. However it is also the case that the effects on δ 13 C-DIC of urban effluents can be variable: mineralisation of organic carbon would tend to lower δ 13 C-DIC (Barth et al, 2003) , but compounds such as detergents could raise it (Shin et al., 2015) . On the other hand, Wachniew (2006) Plots of tributary δ 13 C-DIC and alkalinity (Table S6) generally seen for the April 2012 sampling, consistent with photosynthesis, which peaks in the spring (Neal et al., 1998) , but are not replicated in the April 2013 sampling, when δ 13 C falls. River flows had by then recently been so high (Fig. 5 ) that the usual seasonal processes may have been to some extent overridden by an abnormally high influx of soil water (see e.g. Griffiths et al., 2007) , charged with isotopically-depleted soil-zone CO 2. The concurrent universal fall in alkalinity would be indicative of such a dilution effect.
For the main Thames, most δ 13 C-DIC series tend to vary rather little between the sampling sites though there is a certain amount of seasonal displacement with little apparent pattern ( Fig. 7c ). The October 2012 series however shows one large variation and significant displacement from the other quarters, though the cause remains unknown. Alkalinity also shows seasonal displacement, but with more longitudinal consistency, falling universally between Sonning and Runnymede (Fig 7d) . (Table 1) . Given the variety of processes controlling dissolved CO 2 (Neal et al., 1998) this consistency is perhaps surprising, but it does suggest that the potential for evasion exists along the river throughout the year (Fig. 7e ).
As with δ 18 O, the magnitude of changes in δ 13 C-DIC and alkalinity might be expected to be linked to BFIs. A comparison of Tables 1 and S5 shows that to some extent this is the case, The δ 13 C-DIC values in Fig. 10b show that most if not all of the groundwaters are evolving under open-system conditions, though there is a difference in the extent of this between the Oolite or Chalk waters compared with the Palaeogene. Limestone and chalk groundwater alkalinities as HCO 3 are invariably >220 mg/L but the Palaeogene waters, from what are basically sandstone aquifer units, are all <150 mg/L (data from sources used for Fig. 10 ).
They are therefore much less buffered against re-equilibration with soil-derived CO 2 , and consequently more depleted in 13 C.
The Cut, Enborne and Loddon all have low alkalinities compared to the other tributaries (Table S6) , reflecting their origins on the Palaeogene strata. This difference however does not extend to their δ 13 C-DIC values, which cannot be distinguished from the other rivers.
The three basic processes acting on surface waters outlined earlier (respiration, photosynthesis and evasion) are clearly very effective in overprinting the δ 13 C values of baseflow contributions.
CONCLUSIONS
The aim of this study has been to investigate the processes operating in a mesoscale lowland river basin using environmental tracers (stable isotopes and specific electrical conductivity) on temporal and areal scales rarely attempted previously. It has been achieved over a period which included both drought and flood conditions. The results should therefore be highly representative of the behaviour of similar temperate-zone catchments under the likely range of present climatic conditions.
Insights obtained included the following:
Based on δ 18 O and δ 2 H data, the upper Thames and most of its tributaries showed evidence of evaporative enrichment compared to rainfall in the area. The extent of this varied seasonally.
Calculations suggested that relatively low amounts of evaporation would achieve the observed enrichments.
While the Thames varied within a range of 3‰ in δ 18 O and 20‰ in δ 2 H, little information about the response time of the various water compartments in the basin could be extracted from the isotope data. However, δ 18 O and specific electrical conductivity (SEC) showed strong evidence for a release of bank-stored water under highest river flow conditions, in apparent contravention of the normal bank storage process.
For most tributaries, baseflow index was revealed to be highly correlated with the magnitude of δ 18 O change from drought to flood conditions. Despite this, comparison with previouslyobtained hydrogeochemical data suggests that rivers even at low flow rarely consist wholly of unfractionated groundwater.
In terms of tracing groundwater inputs to rivers, SEC is likely to be a more sensitive indicator than O or H stable isotopes because of the greater contrast between river and groundwater.
However, on a local scale when river water may be invading superficial sediments owing to pumping or other effects, isotopes may provide confirmation (e.g. Jackson et al., 2006) .
The results of δ 13 C-DIC, pH and alkalinity measurements showed that while the river system as a whole probably always has evasion potential, thus counteracting any tendency towards isotopic equilibration with atmospheric CO 2 , there is a complex interaction between respiration, photosynthesis and degassing and catchment factors which is difficult to unravel.
Indeed, these processes proved to be very effective at masking the origin of individual rivers' baseflow‫‬ ‫‬ components.
These insights will contribute to a better understanding of the functioning of a lowland river basin in a water-critical area, and demonstrate the value of long-term river monitoring using environmental tracers.
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